Basic helix-loop-helix-PER-ARNT-SIM (bHLH-PAS) proteins form dimeric transcription factors to mediate diverse biological functions including xenobiotic metabolism, hypoxic response, circadian rhythm and central nervous system midline development. The Ah receptor nuclear translocator protein (ARNT) plays a central role as a common heterodimerization partner. Herein, we describe a novel, embryonically expressed, ARNT interacting protein (AINT) that may be a member of a larger coiled-coil PAS interacting protein family. The AINT C-terminus mediates interaction with the PAS domain of ARNT in yeast and interacts in vitro with ARNT and ARNT2 speci®cally. AINT localizes to the cytoplasm and overexpression leads to non-nuclear localization of ARNT. A dynamic pattern of AINT mRNA expression during embryogenesis and cerebellum ontogeny supports a role for AINT in development. q
Introduction
Early studies identi®ed the aryl hydrocarbon receptor (AhR) as a mediator of the toxic effects of polycyclic and halogenated aromatic hydrocarbons including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Further investigation led to the description of a complex signal transduction pathway involving heterodimerization with the Ah receptor nuclear translocator protein (ARNT) to form a transcriptionally active dimer that binds xenobiotic response elements in the upstream promoter/enhancer region of target genes. The sequences of both the AhR and ARNT revealed not only N-terminal basic-helix-loop-helix (bHLH) regions but also a region of approximately 300 amino acids containing two direct repeats of 44 amino acids termed the PAS (PER-ARNT-SIM) domain (Schmidt and Brad®eld, 1996) . Generally, the PAS domain mediates the interaction between various members of this family to facilitate heterodimerization and transcriptional activity. There are many diverse biological roles of this family including xenobiotic metabolism, hypoxic response, circadian rhythm and Drosophila central nervous system (CNS) midline and trachea development (Crews, 1998; Gu et al., 2000; Taylor and Zhulin, 1999) .
Studies have shown that ARNT plays a central role in the bHLH-PAS family. A targeted disruption of the ARNT gene in mice has demonstrated that ARNT is critical for embryonic development (Maltepe et al., 1997) . In addition to AhR, ARNT also heterodimerizes with hypoxia inducible factor1a (HIF-1a), HIF-1a-like factor (HLF/EPAS1/HIF-2a) 2 or HIF-3a in response to reduced oxygen tension to bind hypoxia response elements (HRE) upstream of a battery of genes including erythropoietin and vascular endothelial growth factor Flamme et al., 1997; Gu et al., 1998; Hogenesch et al., 1997; Semenza, 1998; Wang et al., 1995) . Tango, the Drosophila homolog of ARNT, forms heterodimers with the bHLH-PAS proteins single-minded (SIM) and trachealess (TRH) to regulate neurogenesis and trachea development via the CNS midline enhancer element (Sonnenfeld et al., 1997) . ARNT may also interact with murine SIM (mSIM1 and mSIM2) homologs to exert a role in CNS cell differentiation Moffett et al., 1997; Probst et al., 1997) . Further studies have demonstrated that ARNT is capable of homodimerization and constitutive binding to the E box motif (Antonsson et al., 1995; Sogawa et al., 1995) . ARNT thus acts as an integrator of several different signal transduction pathways.
Interest in ARNT led to the identi®cation of two closely related proteins, ARNT2 and ARNT3/MOP3/BMAL (Drutel et al., 1996; Hirose et al., 1996; Hogenesch et al., 1997; Ikeda and Nomura, 1997; Takahata et al., 1998) . Although ARNT and ARNT2 are able to share heterodimerization partners, they have different patterns of mRNA expression. In the mouse embryo, ARNT mRNA is present in tissues of mesodermal and endodermal origin; whereas, ARNT2 is localized mainly in the developing brain and nervous system (Drutel et al., 1996; Hirose et al., 1996; Jain et al., 1998) . In the adult, ARNT is expressed ubiquitously while ARNT2 is limited to the brain and kidney (Drutel et al., 1996; Hirose et al., 1996) . ARNT3 is primarily in adult brain, skeletal muscle and cardiac muscle; however, its partners are thought to be limited to CLOCK, HIF-1a and HLF/EPAS/HIF-2a in vivo Ikeda and Nomura, 1997; Takahata et al., 1998) . Therefore, various ARNT proteins may serve to interact with differentially expressed partners.
Due to the central role ARNT plays in the bHLH-PAS family of proteins and the diverse biological activities of members of this family, we chose to search for novel ARNT interacting proteins. We have used the yeast twohybrid system to isolate a non-bHLH-PAS protein, termed AINT, that is a member of a growing family of transforming acidic coiled-coil (TACC) proteins that seem to be involved in cellular growth and differentiation. The conserved coiledcoil C-terminus of AINT interacts speci®cally with ARNT and ARNT2 but not with other bHLH-PAS proteins tested perhaps indicating a role of this family in ARNT pathways. AINT requires the PAS domain of ARNT for interaction in yeast. Although ARNT is generally considered to be localized to the nucleus, overexpression of AINT leads to a nonnuclear distribution of ARNT. Under these conditions, however, ARNT remains capable of nuclear translocation following treatment with chemical inducers. Furthermore, we have characterized the expression pattern of AINT and hypothesize that AINT is important in embryonic development.
Results

Isolation of a novel ARNT interacting protein, AINT
The yeast two-hybrid system was employed to isolate novel ARNT interacting proteins. A construct containing the GAL4 DBD (GBT) fused to human ARNT from which the glutamine rich transactivation domain had been removed (GBTARNTDQ, aa 1±618) was used to screen a 17-day mouse embryo library fused to the GAL4 AD (GAD). These studies led to the isolation of in excess of 100 clones which were examined further to eliminate false positives and determine duplications.
One 2.1 kb clone, termed AINT (ARNT interacting protein), interacted strongly and speci®cally with ARNT and was found repeatedly, accounting for approximately 10% of the positives. As shown in Fig. 1 , GBTARNTDQ interacted with GADAINT as measured by activation of both the lacZ and HIS3 reporter genes. As a positive control, we performed this assay using GADAhR or GADHIF-1a. GADHIF-1a interacted with GBTARNTDQ and, as expected, AhR required the addition of the ligand bNF for this interaction. GBTARNTDQ was unable to activate the reporter genes in the presence of the empty vector GAD424 and none of the proteins expressed in the pGAD vectors were able to activate the reporter genes in the absence of ARNT. Based on the strength of interaction as measured by growth and b-gal activity, we chose to pursue a more complete characterization of AINT.
Cloning of the full-length AINT cDNA
We ®rst identi®ed the approximate mRNA size and distribution of AINT in various tissues by Northern analysis. We were unsuccessful in ®nding any adult mouse tissue expressing AINT mRNA (data not shown). As AINT was originally cloned from a day-17 mouse embryo cDNA library, we isolated mRNA from mouse embryos at days E9, 11, 13, 15, 17 and from postnatal mice at day P1.5. In these studies, our probe readily hybridized to a single mRNA species of approximately 2.1 kb (Fig. 2) . Interestingly, the steady Fig. 1 . Interaction of AINT with ARNTDQ. Yeast strains HF7c and Y187, containing the indicated pGBT and pGAD plasmids, respectively, were mated. The ability to activate the lacZ and HIS3 reporter genes was determined by b-gal assay (Miller units) and growth on minimal medium lacking histidine. Mating with yeast containing the empty vector, pGBT9, is shown as a control. state levels of mRNA were highest at E11, 13, and 15 and then diminished considerably by the time of birth, implying that AINT may have a role in embryonic development. The full-length AINT cDNA probe did not hybridize to human fetal mRNA, indicating a signi®cant lack of homology between the two species (data not shown).
Screening of a 16-day mouse embryo cDNA library with the original AINT clone led to the isolation of ten clones, several of which contained an approximately 2.1 kb insert as expected from the Northern analysis data. The sequence of this insert was identical to that in the original AINT clone obtained in the two-hybrid screening and contained an open reading frame of 631 amino acids 3 (Fig. 3A) . The most notable feature is a series of seven repeats of 24 amino acids. These repeats, as well as the region between amino acids 362 and 384, have high PEST scores, as determined by the PEST®nd program, which may indicate regulation of this protein via the proteasome (Rechsteiner and Rogers, 1996) . Preliminary studies using the proteasome inhibitor MG132, however, did not show such regulation (data not shown). In addition, analysis of the C-terminus using the Wisconsin Package Version 10.0 (Genetics Computer Group, Madison, WI) program CoilScan identi®ed two coiled-coil regions located between amino acids 430±527 and 547±631 (Lupas, 1996) .
A BLAST search of EMBL/GenBank databases maintained locally at the Karolinska Institute Sequence Analysis Computer (KISAC) originally revealed homology of the AINT C-terminus to two human proteins, TACC1 and TACC2. TACC1 (accession no. AF049910) is embryonically expressed and constitutive expression results in transformation and anchorage independent growth of mouse ®broblasts (Still et al., 1999a) . The TACC2 (accession no. AF095791) gene is located on chromosome 10 and has yet to be described further.
More recently, human TACC3/ERIC1 (accession no. AF093542/AJ243997) and mouse TACC3 (accession no. AF093543) have been reported (Still et al., 1999b) . These proteins have a high degree of homology to AINT (Fig. 3B) . Human TACC3/ERIC1 is 64% similar and 58% identical to AINT at the amino acid level, and is likely to be the human homolog of AINT. Interestingly, the homology lies both in the N-terminus and C-terminus but not in the central repeat region. Mouse TACC3 contains only 541 amino acids but is closely related to AINT and may be a differentially spliced product. Alternatively, the mouse TACC3 sequence may be incomplete as it was constructed from EST sequences deposited in GenBank/EMBL. TACC3 was shown to be upregulated in cancer cell lines indicating a role in cell growth and differentiation and, in support of this, our studies show high levels of steady state AINT mRNA in various cell lines (data not shown).
Since submission of this article, three additional TACCrelated proteins have been described. The coiled-coil region of Xenopus maskin is most closely related to AINT and TACC3 and interacts with CPEB and eIF-4E to restrict polyadenylation-induced translation during oocyte maturation (Stebbins-Boaz et al., 1999) . Drosophila TACC (D-TACC) was shown to interact with and stabilize centrosomal microtubules in embryo extracts via the C-terminal region (Gergely et al., 2000) . Finally, AZU-1, a variant of TACC2, is implicated in tumor suppression and tissue morphogenesis of epithelial cells (Chen et al., 2000) . A Caenorhabditis elegans sequence cloned from chromosome III (accession no. Q9XWJ0) also appears to encode the conserved coiled-coil domain of TACC proteins although functionally this has not been characterized. To compare this growing protein family and determine important conserved sequences in the coiled-coil domains, we aligned the C-terminal ends of each member ( Fig. 3C ) and constructed a phylogenetic tree based on this conserved region (Fig. 3D) . We can thus group the existing TACC proteins into two distinct clades, one consisting of TACC1 and TACC2 proteins and a second containing TACC3 proteins, to which AINT belongs. With the sudden growth in TACC family members it will be interesting to see if future members will resolve the ®rst clade into two separate groups for TACC1 and TACC2 proteins.
Regions of AINT and ARNT involved in interaction in yeast
Based on the structure of AINT, we divided the protein into three sections: AINT A (aa 1±137), containing the Nterminal region; AINT B (aa 130±314) containing the repeats region; and AINT C (aa 307±631) containing the coiled-coil C-terminus homologous to TACC1/2 (Fig. 4A ). To determine which region of AINT is required for interaction with ARNT we fused AINT A , AINT B or AINT C to the GAL4 AD and measured the ability to interact in the yeast two-hybrid system with ARNTDQ fused to the GAL4 DBD. We found that neither AINT A nor AINT B was able to interact with ARNTDQ; however, AINT C interacted very strongly with ARNTDQ as measured by growth and b-gal activity ( Northern analysis of whole embryo mRNA. Poly(A) 1 mRNA isolated from embryonic E9 (including placenta), 11, 13, 15, 17 and postnatal P1.5 mice was prepared and electrophoresed as described. The membrane was probed with full-length 32 P-labeled AINT cDNA, stripped and reprobed with rat GAPDH as a loading control. (D) Neighbor-joining tree of related coiled-coil sequences was made using Kimura distance correction. All alignments were made using the Wisconsin Package Version 10.0 program PileUp. Shading was done to indicate identical (black), similar (light gray), and conserved (dark gray) residues using MacBoxShade.
shown); however, further studies must be carried out in a mammalian system to con®rm these ®ndings.
Interaction between ARNT and other bHLH-PAS family members is mediated via the bHLH-PAS domain (Huang et al., 1993; Jiang et al., 1996; Lindebro et al., 1995; ReiszPorszasz et al., 1994) ; however, because AINT contains neither a bHLH nor a PAS domain we wanted to ascertain which domains of ARNT mediate the interaction with AINT. Several constructs of ARNT fused to the GAL4 DBD were assayed for interaction with full-length AINT in the two-hybrid system (Fig. 4C) . ARNTDQ (aa 1±618) interacted as expected with AINT but the bHLH (aa 1±167), bHLH-PASA (aa 1±285), PASA (aa 128±285) or PASB (aa 285±618) regions alone did not permit interaction. Only one construct, containing the intact PAS domain (aa 128±618), interacted strongly with AINT.
In vitro interaction of AINT C with other bHLH-PAS family members
Preliminary work using the two-hybrid system indicated that AINT interacted speci®cally with ARNT but not with AhR or HIF-1a (data not shown). To con®rm these interactions we performed glutathione S-transferase (GST) pulldown experiments. Full-length AINT could not be used in these assays due to insolubility so we chose to use AINT C , the portion of AINT that was shown to interact with ARNT in the two-hybrid system. AINT C interacted with both fulllength ARNT and ARNT2 (Fig. 5 , lanes 3 and 6) but did not interact with either AhR, regardless of addition of ligand, or HIF-1a (lanes 9, 10, and 13) thus con®rming our yeast data in a separate system. Interaction with mSIM2 was minimal although above background interaction with GST alone (lane 16). AINT C did not dimerize with full-length AINT (data not shown).
AINT affects the subcellular localization of ARNT
We next chose to examine the subcellular localization of AINT. AINT, fused to green¯uorescent protein (GFP-AINT) was expressed in Hepa1c1c7 cells and was localized in mainly the cytosolic compartment ( Fig 6A) . However, studies regarding ARNT have shown distribution to be mainly nuclear (Hord and Perdew, 1994; Pollenz et al., Fig. 4 . The C-terminus of AINT and the PAS domain of ARNT are required for interaction in yeast. (A) Schematic representation of AINT A (aa 1±137), AINT B (aa 130±314) and AINT C (aa 307±631). Amino acid repeats and the region with similarity to TACC1 and TACC2 are indicated. (B) AINT C interacts with ARNT in the yeast two-hybrid system. Following mating of HF7c and Y187 yeast strains containing pGBT or pGAD plasmids, respectively, the ability to activate the lacZ and HIS3 reporter genes was determined by b-gal assay (Miller units) and growth on minimal medium lacking histidine. Mating with yeast containing the empty vector, pGBT9, is shown as a control. (C) Yeast strains HF7c and Y187, containing the indicated pGBT and pGADAINT vectors, respectively, were mated. The ability to activate the lacZ and HIS3 reporter genes was determined by b-gal assay (Miller units) and growth on minimal medium lacking histidine. Mating with yeast containing the empty vector, pGAD424, was performed as a negative control and showed no signi®cant interaction with any of the ARNT constructs (data not shown). 1994). Interestingly, when the cells overexpressing AINT were probed with an antibody to endogenous ARNT, ARNT was no longer nuclear and appeared equally distributed across the cytoplasm (Fig. 6B,C) . Cytosolic levels of ARNT in both transfected and non-transfected cells were equal (Fig. 6B,C) . Non-transfected cells in the same monolayer did retain ARNT in the nucleus indicating an AINTspeci®c effect. Upon treatment with deferoxamine mesylate (DFX), an iron chelating inducer of the HIF-1 pathway, nuclear localization of ARNT returned, although to a lesser degree than non-transfected DFX-treated cells (Fig. 6D±F) . TCDD treatment, which is a potent activator of the Ah receptor/ARNT pathway, led to a similar nuclear localization of ARNT in both GFP-AINT and non-transfected cells (Fig. 6G±I ).
Effect of AINT on the HIF-1 signaling pathway
Due to our ®ndings shown in Fig. 6 , we were curious to see if cells overexpressing AINT could transcriptionally respond to inducers of an ARNT pathway. We chose to examine the HIF-1 system due to its importance in early development (Iyer et al., 1998; Kotch et al., 1999; Kozak et al., 1997; Maltepe et al., 1997; Ryan et al., 1998) and the potential role of AINT at this time. We transiently transfected mouse Hepa1c1c7 cells, which contain endogenous ARNT and HIF-1a, with a reporter plasmid containing three tandem repeats of the erythropoietin HRE upstream of the luciferase gene (HRE-luc). Cells were then treated with the iron chelating hypoxia mimics, DFX or 2,2 H -dipyridyl (DP). Both DFX and DP have been shown to activate the HIF-1 pathway mediated by the ARNT/HIF-1a dimer to increase transcription of genes under the control of the HRE (Jiang et al., 1997; Kallio et al., 1999; . As seen in Fig. 7 , untreated (UT) cells transfected with AINT had a reduced background activity on the HRE reporter. This is likely to be due to the reduced nuclear ARNT in these cells as presented in Fig. 6B . Treatment with chemical inducers, however, led to an ef®cient induction of transcriptional activity on the HRE. In fact, cells transfected with AINT had a higher overall response to DP and DFX and had a 1.5-or 2.5-fold increase, respectively, in responsiveness as Fig. 6 . Subcellular localization of AINT and ARNT. Hepa1c1c7 cells were grown to 50% con¯uence prior to transfection with GFP-AINT. After 24 h, cells were left untreated as a control (CO) (A±C), were treated with 130 mM DFX (D±F) or were treated with 10 nM TCDD (G±I) for 16 h. GFP-AINT localization (A,D,G) of positively transfected cells is seen during the three treatments. Endogenous ARNT was visualized by immuno¯uorescence using a primary monoclonal peptide antibody to the C-terminus of ARNT and rhodamine conjugated secondary antibody (B,E,H). An overlay of the two images is presented (C,F,I ). The images were captured on a Leica Digital Confocal microscope DMRXA provided with a CCD System camera and a complete confocal workstation slide book 2.6 (Intelligent Imaging Innovations, Inc., Denver, CO).
compared to the groups transfected with plasmid alone. Thus, overexpression of AINT allows the cells to become more responsive to hypoxic conditions and leads to enhanced transcriptional activation of the HRE regulated reporter gene. Experiments using an XRE-luciferase reporter assay also con®rmed transcriptional ability of Hepa1c1c7 cells following transfection with AINT and treatment with TCDD (data not shown). These results correlate well with the cellular expression pattern of ARNT shown in Fig. 6. 
Expression of AINT mRNA during embryonic and cerebellar development
Due to the importance of ARNT in development and the temporal expression pattern of AINT that we observed by Northern analysis, we examined AINT expression during embryogenesis. In situ hybridization revealed a changing pattern of AINT mRNA expression during mouse ontogeny. At E9, AINT mRNA expression was strong in the neuroepithelium of neural tube and in placenta (Fig. 8A ). In the E13 embryo an intense signal was still observed in the neuroepithelium. Furthermore, strong expression of AINT mRNA was seen in the lung, kidney, intestines, thymus and liver and a moderate signal could be detected in the cartilage primordium of developing ribs, tooth and eye (Fig. 8B) . By E17, the tissue distribution of AINT transcripts had changed so that no signal could be detected in the liver and the signal had diminished in other organs; however, AINT mRNA was observed for the ®rst time in the salivary gland, thyroid gland, and brown fat and was strong in the thymus, eye, olfactory epithelium and central nervous system (Fig. 8D) .
In order to compare the tissue distribution of AINT and ARNT mRNA, we examined consecutive sections of E13 mouse embryo hybridized with the respective probes. ARNT mRNA was broadly colocalized with AINT in neuroepithelium, liver, lung and kidney cortex (compare Fig. 8B and C) . In agreement with work done by Jain et al. , the expression of ARNT was more widespread than that of AINT. The most obvious difference between AINT and ARNT was that the dorsal root ganglia exhibited a high amount of ARNT with no detectable levels of AINT mRNA. In organs, such as the liver, which showed high levels of both AINT and ARNT mRNA, we found that most of the cells express AINT (Fig. 8I) and ARNT (Fig.  8J) , suggesting that both transcripts are present in the same cells.
Soon after birth, at P1.5, AINT expression was more limited than prenatally. AINT mRNA expression was still strong in thymus but weaker and more limited in brain except in the cerebellum, where the signal was clear (Fig.  8E) . Because of the postnatal development of the cerebellum, we continued to examine the cerebellar expression of AINT mRNA. In the cerebellum, several different cell types are derived from the external granular layer which is formed as germinal cells cover the surface of the cerebellar plate. The number of cells in the external granular layer begins to increase at about E15 and then persists until it is reduced to a single layer of cells and eventually disappears by P10 (Miale and Sidman, 1961 ). It appears that AINT is expressed in the external granular layer during the time it exists and as proliferation of this cell layer weakens, AINT expression ceases (Fig. 8E±H) ; however, further experiments are needed to identify the precise distribution of AINT in the cerebellum.
Discussion
In this report we describe a novel ARNT interacting protein, AINT, that was isolated repeatedly in a yeast twohybrid screening and con®rmed to interact with ARNT both in in vivo and in vitro studies. Interestingly, AINT interacted strongly only with ARNT and ARNT2 but not with AhR, HIF-1a or mSIM2 in our studies. In general, the bHLH-PAS family is divided into three subgroups Hogenesch et al., 1997) , one which does not need activation and has a central role in dimerization (ARNT, ARNT2, ARNT3), a second subgroup which is either temporally expressed or activated by ligand or condition (AhR, HIF, SIM, TRH) and a third subgroup of steroid receptor coactivators (SRC) that appears evolutionarily distinct (SRC-1/NCoA1, SRC-2/TIF2/GRIP1/NCoA2, SRC-3/ACTR/RAC3/AIB1/pCIP/TRAM1). In the present studies, interaction with AINT appears restricted to the ®rst group and the tightly regulated expression of AINT mRNA parallels ARNT2 most closely. Since this delineation, three neuronal PAS proteins, NPAS1/MOP5 and H -dipyridyl or deferoxamine mesylate. Fifty-percent con¯uent cultures of Hepa1c1c7 cells were transiently transfected with HRE-luc and pSG5 (gray bars) or pSG5AINT (black bars) for 24 h. Transfected cells were treated for 16 h with 2,2 H -dipyridyl (DP) or deferoxamine mesylate (DFX), both iron-chelating inducers of the HIF-1 pathway, or were left untreated for 24 h before measurement of luciferase reporter activity. The raw data were adjusted for protein levels and normalized to untreated pSG5 transfected cells. Treatments were done in triplicate and results are representative of three separate experiments. NPAS2/MOP4 and NPAS3, have been described (Brunskill et al., 1999; Hogenesch et al., 1997; Zhou et al., 1997) , although interaction with other members of the bHLH-PAS family has not been well documented. Expression of NPAS1 mRNA is maximal in the adult; however, NPAS2 mRNA is limited to the brain and levels are highest during development at P3 and NPAS3 shows a similar embryonic pattern of mRNA expression to AINT with maximal expression at E13.5 (Brunskill et al., 1999) .
Thus, both NPAS2 and NPAS3 function may be interesting to examine in the context of AINT. We plan to examine the interaction of AINT with ARNT3, members of the SRC subgroup, NPAS2 and NPAS3.
AINT is not a bHLH-PAS protein. Many recent studies in the ®eld of bHLH-PAS proteins have served to identify novel family members and most mechanisms described thus far are examples of heterodimerization of two bHLH-PAS proteins via the PAS domain. However, it has become increasingly (A,B,D) or ARNT (C) probe. A strong AINT signal is seen in the neuroepithelium (ne) in E9 mouse embryo (A). At E13, both AINT and ARNT are widely expressed in neuroepithelium, liver (li), lung (lu), kidney (ki), oral cavity (oc), tongue (to), ribs (ri), intestines and skin (B,C). A strong expression of ARNT mRNA is also seen in dorsal root ganglia (drg) (C). The E17 embryo shows a strong signal in neuroepithelium and thymus (th) and expression in the developing cerebellum (ce) is clear. AINT transcripts are also seen in the salivary gland (sg), tooth (t), olfactory epithelium (oe), tongue, skin, follicles of vibrissae (fv) and brown fat (bf) (D). The expression of AINT mRNA in the postnatal mouse cerebellum (ce) at P1.5 (E, sagittal section of head), P3 (F, coronal section of cerebellum and brain stem, bs), P8 (G, coronal section) and P14 (H, coronal section). Emulsion autoradiograms of liver at E15 show the expression of both AINT (I) and ARNT (J) mRNA in most of the hepatocytes. Scale bar 20 mm (I and J).
apparent that PAS proteins also interact heterotypically with non-PAS proteins such as AINT. Examples of this type of interaction may be seen at different stages of the signal transduction pathway. Early in the transduction pathway the AhR interacts with HSP90 (Whitelaw et al., 1993) and AIP/ ARA9/XAP (Carver and Brad®eld, 1997; Ma and Whitlock, 1997; Meyer et al., 1998) in its non-liganded state perhaps to maintain a conformation that recognizes ligand. The Drosophila PAS protein Period (PER) forms heterodimers with the circadian clock protein Timeless (TIM), which does not contain a PAS domain. This heterodimerization is important for the regulation of circadian rhythms and is mediated by the PAS domain of PER (Gekakis et al., 1995; Myers et al., 1995; Sehgal et al., 1995) . In the later stages of signal transduction, HIF-1a actively recruits CBP to the transcriptional complex (Arany et al., 1996) . In addition, SRC-1, SRC-2, and SRC-3 have not been widely studied in the context of PAS interactions and, instead, have been shown to bridge interactions between nuclear receptors and basal transcription machinery via conserved LXXLL motifs termed nuclear receptor boxes (Glass et al., 1997; Moras and Gronemeyer, 1998) . From these many examples, we believe it is not unusual to have isolated a non-bHLH-PAS protein in our screening for ARNT interacting proteins.
Of the heterotypic interactions mentioned above, the PER-TIM interaction may be most relevant in the context of AINT. In the same way that TIM interacts with the PAS domain of PER, we present evidence that AINT requires an intact PAS domain of ARNT for interaction. Because the PAS domain provides the dimerization surface between many proteins this could be a clue to the function of AINT in either enhancing or disrupting homotypic interactions between ARNT and other PAS proteins.
In our studies, AINT overexpression led to a non-nuclear localization of ARNT; however, cells were still responsive to chemical inducers of the HIF-1 and Ah receptor/ARNT pathways. Although ARNT levels were decreased in the nucleus, equal levels of cytosolic ARNT were observed in cells overexpressing AINT and non-transfected cells. This indicates a potential role of AINT in ARNT regulation, perhaps via feedback inhibition or degradation pathways. It is possible that the nuclear ARNT that is visualized in non-transfected cells is not capable of binding its partners as well as the cytoplasmic form. Thus, AINT could be responsible for holding ARNT in a more responsive form. Alternately, AINT may allow for preferential interaction of ARNT with speci®c partners, blocking certain ones while permitting others. Zelzer et al. (1997) propose a model that a trans-binding factor interacts with the PAS domain of a speci®c bHLH-PAS heterodimeric partner to mediate tissue-speci®c activation of responsive genes. This would explain the ®nding that interchanging the PAS domains of TRH and SIM leads to transcriptional activation of a battery of different genes although they both dimerize with the same partner Tango to bind a common DNA binding site (Sonnenfeld et al., 1997; Zelzer et al., 1997) . To further investigate this in the context of ARNT, gel mobility shift assays were performed to examine the effect of AINT on the binding of the ARNT-AhR heterodimer to DNA. No effect was seen, perhaps due to the strength of interaction between the activated AhR and ARNT or to conditions in the assay that were not permissive for AINT-ARNT interaction (data not shown). As these experiments were preliminary, we are currently focusing our efforts on this issue.
It is unknown if nuclear localization of AINT occurs. If so, it is likely to require prior activation or stabilization. For example, AhR requires ligand binding (Schmidt and Brad®eld, 1996) , HIF-1a requires protein stabilization (Huang et al., 1998) prior to ARNT interaction and PER-TIM dimers require activation by light (Myers et al., 1996) prior to entry into the nucleus. Activation of the HIF-1 or ARNT/Ah receptor pathway was not suf®cient in our studies to shift AINT localization.
To extend our studies on ARNT/AINT signaling mechanisms, we next chose to examine the effect of AINT on HIF-1 activation. This pathway is of particular interest in the context of AINT due to the role of HIF-1 in embryonic development. Mouse embryo null mutants in HIF-1a are developmentally arrested and do not survive beyond E10.5 due to incomplete vascular development (Iyer et al., 1998; Ryan et al., 1998) . Similarly, ARNT null mutant embryos do not survive beyond E10.5 and exhibit defects in angiogenesis (Kozak et al., 1997; Maltepe et al., 1997) . Studies have shown that a hypoxic environment is maintained in embryos and is necessary for proliferation of hematopoietic precursors (Adelman et al., 1999) , placental cytotrophoblasts (Genbacev et al., 1997) and vascular endothelial cells (Phillips et al., 1995) .
The transient transfections presented in our studies show that AINT has an effect on signaling via the HRE. In our ®ndings, overexpression of AINT led to increased HRE regulated transcription following treatment with chemical inducers. Interestingly, untreated cells had lower background levels of HRE reporter activity indicating that AINT may be maintaining ARNT in an inactive form. These ®ndings ®t well with the subcellular localization pattern of ARNT in cells following transfection with AINT. Improved transfection ef®ciency could serve to enhance our ®ndings. Alternatively, the delineation of cell types expressing either high or low levels of endogenous AINT may assist in answering these questions. Currently, studies are being performed to better characterize the mechanism of AINT-ARNT interaction and its role in various ARNT-mediated pathways including HIF-1a.
The growing TACC family will be interesting to evaluate in terms of PAS interaction. As we report, the coiled-coil Cterminus mediates interaction with ARNT. This region has a high degree of homology in all TACC members to date. The similarity of the C-terminus suggests that they may all interact with PAS domains but the divergence of the N-terminus may confer a yet unknown distinct function of each of the members of the family. Our original yeast two-hybrid screening of a mouse embryo library failed to pick up any other proteins with this coiled-coil domain although AINT itself represented over 10% of the interacting clones.
Currently TACC-related proteins appear to have an important role in carcinogenesis and development. The initial description of TACC1 showed that constitutive expression of this protein leads to transformation and anchorage independent growth perhaps permitting malignant growth of tumors (Still et al., 1999a) . AZU-1, a variant of TACC2 found in differential display studies, has been reported to have opposite effects. AZU-1 is expressed at much higher levels in normal tissues but appears downregulated in tumorigenic mammary epithelial cells (Chen et al., 2000) . One may hypothesize that these two proteins work through the same pathway governed by the coiledcoil domain but diverge in function based on the N-terminus. The function of TACC3, closely related to AINT, has not been described, however, Still et al. report a similar localization pattern to AINT and also suggest a developmental role (Still et al., 1999b) . Maskin, a TACC protein isolated from Xenopus, binds directly to CPEB, a zinc ®nger-containing protein which stimulates polyadenylation of genes containing the cytoplasmic polyadenylation element (CPE). Interaction of maskin with CPEB represses interaction of eIF-4EBP and blocks translation during oocyte maturation (Stebbins-Boaz et al., 1999) . Finally, Gergely et al. report the coiled-coil region of D-TACC as well as h-TACC2 interacts directly or indirectly with microtubules and perturbation of D-TACC results in shortened microtubules leading to defective development. D-TACC appears to be required only in early embryogenesis (Gergely et al., 2000) . These ®ndings demonstrate mechanisms in which TACC related proteins interact with other proteins to mediate transcriptional pathways.
We chose to screen an embryonic library to obtain clues regarding the involvement of ARNT in several different developmental pathways. SIM and TRH interact with ARNT to enable proper CNS and tracheal development, AhR-ARNT interaction has been implicated in epithelial differentiation (Sadek and Allen-Hoffmann, 1994a,b; Schmidt and Brad®eld, 1996) , and as discussed previously, ARNT 2/2 and HIF-1a 2/2 embryos do not survive beyond E10.5 due to defective development and angiogenesis (Crews, 1998; Maltepe et al., 1997) . In situ hybridization shows distinctive patterns of ARNT, ARNT2, HIF-1a, and HIF2a in the developing mouse embryo . In addition, NPAS2 and NPAS3 appear to have speci®c expression patterns in the developing embryo (Brunskill et al., 1999; Zhou et al., 1997) . Our ®nding that AINT is limited to the embryo, particularly to speci®c tissues during periods of differentiation indicates a role for AINT in development and differentiation. In support of this is the intense cerebellar expression of AINT mRNA during the period of germinal cell differentiation and the subsequent downregulation following completion of this process.
As the bHLH-PAS family grows in size it is becoming increasingly important to understand the complex interactions between the various members and non-members. The importance of non-PAS proteins, such as TACC-related proteins, in the stabilization, localization and transcriptional activity of bHLH-PAS proteins remains unrealized; however, identi®cation of proteins such as AINT may provide clues to these mechanisms. We anticipate that future studies involving AINT will further examine the speci®city of interaction with PAS family members and characterize the effect of AINT on ARNT-mediated developmental pathways.
Experimental procedures
Construction of recombinant vectors
For yeast two-hybrid vectors, fragments were cloned into pGBT9 or pGAD424 (Clontech) to produce GAL4 DNA binding domain (DBD) or activation domain (AD) fusion proteins, respectively. A BamHI fragment of pGEM7Z/ ARNT (Whitelaw et al., 1994) encoding length human ARNT (aa 1±774) was inserted at the BamHI site to produce pGBTARNT or pGADARNT. Removal of the PstI fragment from pGBTARNT produced pGBTARNTDQ (aa 1± 618). ARNT constructs including pGBTARNTbHLH (aa 1± 167), pGBTARNTbHLH/PASA (aa 1±285), pGBTARNT-PASA (aa 128±285), pGBTARNTPASB (aa 285±618), and pGBTARNTPASA/PASB (aa 128±618) were made by polymerase chain reaction (PCR) ampli®cation of fragments using pGEM7Z/ARNT as a template and insertion into pGBT9 at the BamHI site. Full-length human AhR was removed from phuAhR (a gift from C. Brad®eld) as a SmaI±BglII fragment and cloned into pGBT9 digested with SmaI and BamHI to produce pGBTAhR. pGBTAhR was digested with SmaI±PstI and the fragment encoding AhR was transferred into pGAD424 to produce pGADAhR. For AINT constructs, PCR-ampli®ed AINT A (aa 1±137), AINT B (aa 130±314) or AINT C (aa 307±631) was inserted into pGBT9, pGAD424 and pGEX-4T-1 (Pharmacia) at EcoRI sites. pSG5AINT was constructed by insertion of the full-length EcoRI fragment from pGADAINT into pSG5 (Stratagene). GFP-AINT was cloned by inserting full-length AINT into EcoRI sites upstream of a sequence encoding EGFP in pEGFP-N3. Constructs were con®rmed using the ABI AmpliTaq sequencing kit (Perkin-Elmer).
Yeast two-hybrid screening
Novel ARNT interacting clones were isolated using the GAL4 MATCHMAKER yeast two-hybrid system as suggested by the manufacturer (Clontech). Saccharomyces cerevisiae strain HF7c were sequentially transformed with pGBTARNTDQ followed by a MATCHMAKER 17-day mouse embryo cDNA library fused to the GAD10 vector. Positive clones were selected on the basis of ability to grow on synthetic dropout (SD) plates lacking leucine, tryptophan, and histidine (SD-LTH).
Growth and b-galactosidase (b-gal) assays were performed on mated yeast. Strains HF7c and Y187 were transformed with pGBT or pGAD plasmids and grown on SD-T or SD-L plates, respectively. The two transformed strains were mixed and incubated overnight on non-selective plates. To con®rm mating they were grown on SD-LT plates for an additional 24 h prior to re-plating on SD-LTH for 48 h. Growth was visually scored on a scale of 0±5. 10 25 M b-naphtho¯avone (bNF) was added as an AhR ligand to SD-LTH plates. For b-gal assays, liquid SD-LT was inoculated with mated yeast colonies from SD-LT plates and incubated overnight. If desired 10 25 M bNF was added during this time. An equal cell number was pelleted and suspended in 500 ml Z buffer supplemented with 0.27% b-mercaptoethanol (bMCE). After freeze-thawing, 100 ml of o-nitrophenyl b-d-galactopyranoside (4 mg/ml in H 2 O) was added, the mixture was incubated at 308C until yellow color appeared and the reaction was stopped by the addition of 250 ml of 1 M Na 2 CO 3 . Cell debris was removed by centrifugation and the OD 420 was recorded. b-gal activities are expressed as Miller units: 100 £ OD 420 / (T £ V £ OD 600 ), where T time of incubation in minutes and V volume of cell suspension. Multiple assays were performed in triplicate with similar results.
Cloning of AINT cDNA
The original AINT clone obtained as an EcoRI insert from the yeast two-hybrid screening was used as a probe to screen a 16-day mouse embryo cDNA library in a lEXlox vector (Novagen) as recommended by the manufacturer. 3 £ 10 5 phage were screened and ten positive recombinant phage were isolated. Two additional rounds of screening were completed to isolate pure positive phage. Autosubcloning was performed using strain BM25.8 cultured in the presence of 50 mg/ml carbenicillin and isolated plasmids were transferred to the XL1-blue strain. Insert size was determined by PCR. Sequencing using the ABI AmpliTaq sequencing kit (Perkin-Elmer) was performed.
In vitro protein±protein interaction assays
Recombinant phuAhR, pGEM 7Z/ARNT, PL415/HIF-1a (a gift from C. Brad®eld), pcDNA3/ARNT2 (a gift from M.C. Simon) and pCDNA3/mSIM2 (a gift from P. Moffett and J. Pelletier) were transcribed and translated in reticulocyte lysate (Promega). Bacteria (BL21) containing pGEX-AINT C were grown at 308C until OD 600 reached 0.6. Protein expression was induced by adding IPTG to 0.5 mM and growing for an additional 3 h. Bacteria were lysed with PBS containing 1 mM PMSF, 1 mg/ml leupeptin, 1% Triton, 20 mg/ml DNase I, 10 mg/ml RNase I, 10 mM MgCl 2 and 1 mM MnCl 2 , and centrifuged at 12 000 rev./min for 20 min. The supernatant was loaded on glutathione-Sepharose beads, mixed for 30 min at room temperature and then washed several times with PBS. GST-AINT C -bound glutathione-Sepharose beads were incubated with in vitro expressed 35 S-labeled proteins for 3 h at 48C in a total volume of 200 ml PDB (20 mM Hepes±KOH (pH 7.9), 0.150 mg/ml BSA, 10% glycerol, 100 mM KCl, 5 mM MgCl 2 , 0.3 mM EDTA, 1 mM DTT, 0.2 mM PMSF). Beads were washed four times with PDB without BSA prior to analysis by sodium dodecyl sulfate (SDS)±polya-cryl;amide gel electrophoresis. For comparison, 50% of the input was loaded in a separate lane. For ligand studies, a ®nal concentration of 1 mM TCDD was added during the incubation of GST-AINT with AhR.
RNA blot analysis
mRNA was isolated from (CBA £ BL6)F1 mice at embryonic days E9 (including placenta), 11, 13, 15, 17, and postnatal day P1.5 mice. Tissues were immediately homogenized in GTC (4 M guanidine thiocyanate, 25 mM sodium citrate) and bMCE. 5 ml homogenate was diluted with 10 ml dilution buffer (6£ SSC, 10 mM Tris±HCl, 1 mM EDTA, 0.25% SDS) and bMCE, and incubated at 708C for 5 min. Samples were centrifuged for 10 min at 10 000 £ g and supernatants transferred to fresh 50-ml tubes. Ten milliliters of binding buffer (0.5 M NaCl, 0.01 M Tris±HCl (pH 7.5) prepared with DEPC-treated H 2 O) and 50 mg oligodT± Sepharose (Boehringer Mannheim) hydrated with binding buffer was added to each sample. Samples were incubated for 2 h at room temperature on a rotating wheel to allow poly(A) 1 mRNA to bind. Poly(A) 1 mRNA was isolated, precipitated and electrophoresed as previously described (Badley et al., 1988; Sadek and Allen-Hoffmann, 1994a) prior to transfer to Zeta-probe membrane (Bio-Rad Laboratories). Random primed 32 P-labeled cDNA probes to fulllength AINT and GAPDH were prepared using the RediPrime II kit (Amersham Pharmacia Biotech) and the membrane was prehybridized and hybridized as recommended by the manufacturer.
Cell culture and transfection studies
Hepa1c1c7 cells were cultured as described previously (Sadek and Allen-Hoffmann, 1994b) . Cells were plated at low density in 30-mm dishes 24 h prior to transfection with Fugene (Boehringer) as recommended by the manufacturer. For reporter gene assays, transfections were performed using 0.5 mg of a luciferase reporter plasmid containing three copies of the HRE of the erythropoietin gene (pHRE-luc, a gift from L. Poellinger) and with either 0.5 mg of the empty vector pSG5 or pSG5AINT. Twenty-four hours following transfection, cells were treated with the cell permeable ferrous iron chelators 2,2 H -dipyridyl (DP) or (Sigma) at a concentration of 100 mM or with 130 mM deferoxamine mesylate (DFX), or given fresh medium alone for an additional 24 h prior to harvesting for luciferase assays as previously described using luciferin reagents from BioThema. For GFP studies, subcon¯uent cells plated on coverslips were transfected with GFP-AINT and after 24 h were treated with either DFX or TCDD or were left untreated for an additional 16 h. Cells were ®xed in 3% paraformaldehyde in 5% sucrose/PBS and permeabilized with 0.1% Tween-20. A commercially available monoclonal antibody to ARNT (clone 2B10, IgG 1 , ABR) was used as a primary antibody and a rhodamine-conjugated secondary antibody (Jackson Labs) was used to detect endogenous ARNT expression. Cells were visualized on a Leica Digital Confocal microscope DMRXA provided with a CCD System camera and a complete confocal workstation slide book 2.6 (Intelligent Imaging Innovations, Inc., Denver, CO).
In situ hybridization
Whole embryo (E9±17), postnatal (P1. 5, 8, 14) and adult NMRI mouse tissues were used in this study. Embryos and tissues were excised and immediately frozen on dry ice. Serial 14-mm sections were thawed on Polysine (MenzelGla Èser, USA) glasses. In situ hybridization was carried out as previously described (Kononen and Pelto-Huikko, 1997) . Probes directed against AINT mRNA (nucleotides 162±191 and 1660±1689) and ARNT mRNA (nucleotides 68±114 and 853±897) (Carver et al., 1994) exhibited less than 60% homology with any other known gene. Probes to non-related mRNAs with known expression patterns and similar length and GC content were used as controls.
